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Sensor elements which employ ﬁne ﬁlaments are often vulnerable to particulate fouling when used in certain operational ﬁeld
conditions. Depending on the size, attraction level, thermal and electrical conduction, and charge accumulation properties of the
particles, erroneous readings can be easily generated in such “dirty” environments. This paper describes the design, development,
and testing of an ultrasonic system which dynamically rejects highly tenacious electrostatically charged particles of a wide variety
of sizes and even water. The paper starts with a brief introduction to the ﬁeld of acoustic vector sensing, outlining its outstanding
characteristicsandhistory.OperationalchallengesincludingastatisticalanalysisoftypicalMiddle-Easternwind-blowndesertsand
and charge density are laid out. Several representative subscale hot-wire ﬁlaments were fouled with calibrated dust representing
desert sand. The fouled elements were then exposed to airﬂows of 13ft/s (4m/s) and showed highly erratic shifted conduction
levels with respect to baseline (clean) levels. An ultrasonic cleaning system was designed speciﬁcally resonate the ﬁlament and
cantilever so as to mechanically reject foulants. When operated at resonance, the ultrasonic cleaning system showed 98.6%
particulate rejection levels and associated restoration of uncorrupted ﬁlament resistance levels to within 2% of baseline resistance
measurements.
1.Introduction
Over the past decade, a new class of acoustic sensors
has evolved. Conventional microphone technologies simply
measure pressure as a function of time. These scalar mea-
suring devices must be used in sizable clusters with powerful
computers detangling this limited information [1]. A new
approach using acoustic vector sensors (AVSs) employs
fundamentally diﬀerent sensor physics. These AVS elements
are capable of not only determining pressure as a function of
time (as do conventional microphones), but they can divide
acoustic source directionality by measuring particle velocity
in x, y,a n dz coordinates with time at very high rates and
phenomenaldynamicrange[2].Acousticvectorsensorsusea
number of diﬀerent techniques to determine acoustic source
direction. One of the leading acoustic vector sensors employs
an advanced dual hot-wire anemometry setup to measure
particle movement in multiple directions. The device is used
in many applications ranging from acoustic holography to
tracking airborne vehicles as well as aquatic applications.
Most of the applications currently employing these AVS
devices are limited to clean environments, meaning free of
dust particles, and other small environmental debris. Testing
in dirty environments is limited at best to date. Fouling by
particulate adherence or even complete particle blockage of
measurement channels is a very distinct possibility given the
small scale of the devices. The primary vulnerability comes
from the very geometry and size of the sensor ﬁlaments
which when compared to the size of airborne particulates
are such that the largest airborne particles are an exact
ﬁt between the substrate and the sensor elements, which
indicates that the devices could actually “trap” airborne
particles.Figure 1showsaninterestingcomparisonoftypical
Appalachianquartz-basedbeachsandandsandfromtheAsh
Shuqqan in the Empty Quarter (Rub al Khali) of the Arabian
Peninsula.
The reader will note a profound diﬀerence between the
two types of sand as the beach sand is quite rounded and2 Smart Materials Research
Destin, FL beach sand Windblown Rub al Khali sand
Figure 1: Beach sand from Destin, Florida (for reference) and windblown sand from the Rub al Khali, Arabian Peninsula.
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Figure 2: Particulate sand size distribution by percentage of sample
mass of beach sand and Middle-Eastern windblown sand.
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Figure 3: Advanced AVS sensing wires [2].
fairly even in size distribution with more than 80% of the
grains falling between 130 and 640μm in diameter. The wind
blown sand, on the other hand, is quite diﬀerent with a
wide distribution of sizes ranging widely from less than 1μm
to 1100μm in diameter in statistically signiﬁcant numbers
by weight and volume. Another interesting characteristic is
also seen in Figure 1: Static electric attraction. Wind blown
sand from the Arabian Peninsula on the other hand behaves
very diﬀerently and possesses diﬀerent properties. Because
most beach sand has been completely coated by salt water
for a very long time, it is more resistant to holding large
static charges. Indeed, single grain electrical resistance levels
in 30% humidity were measured at 300–500Ω/mm for the
beach sand and more than 20MΩ/mm for the wind blown
sand. Similarly, the capacitance levels (i.e., ability to hold a
charge) were 7 orders of magnitude greater for wind-blown
sand.Figure 1showsacomparativelytightdomedistribution
with mostly only larger grains falling past the edges of the
pile. This is because electrostatic attraction generally holds
the pile, especially the smaller particles, together. Figure 2
shows a statistical distribution of sizes from the two samples.
Boron
ﬁlament
PZT
+/−
−/+
Substrate
0.4 (10.2 mm)
0
.
7


(
1
7
.
8
 
m
m
)
1
.
0
5


(
2
6
.
7
 
m
m
)
Figure 4: Piezoelectric cleaning device dimensions (in inches).
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Figure 5: Assembled cleaning device.
The biggest challenge posed by windblown sand can be
seen when compared to the physical size of an advanced
AVSsensorelement.Considering1mmlongplatinumsensor
elements with a 5μm × 200nm cross-section, it is easy to
see that the wide distribution of sizes of windblown sand
presents not only a great threat of electrostatic cling, but
physical entrapment between the ﬁlaments and the substrate
itself. From Figure 3,i ti se a s yt os e et h a ta sa i rﬂ o w sf r o m
lower left to upper right and back if it were bearing particles
with size distributions laid out in Figure 2, serious challenges
could be posed to the sensors. Figure 3 shows that the size of
the desert sand goes well into the “dust” range with particles
ranging down to fractions of a ﬁlament diameter, leading to
cling of charged particles to ﬁlaments.
Because such atmospheric particles can render this
remarkable sensor ineﬀective, this study is centered on
makingasystemwhichcanskirttheseproblemsbyeﬀectively
and safely cleaning the ﬁlaments of all foulants. References
[3–5] highlight the point that there is relatively little in the
openliteratureoninfra-through-ultrasonicparticlerejection
known in the open literature.Smart Materials Research 3
Boron ﬁlament
Figure 6: Boron ﬁber before and after cleaning with 20kHz ultrasonic vibrations.
Boron
ﬁlament
Figure 7: Boron ﬁber before and after cleaning—calibrated 5–30μm diameter particles.
2. Proof-of-ConceptTestingonBoronFilaments
The chosen method of cleaning the AVS sensor is to use
piezoelectric elements to induce infrasonic, sonic, and ultra-
sonic vibrations to mechanically knock oﬀ particulate con-
taminants. As a proof-of-concept exercise, Lead-Zirconate
Titanate (PZT) was designed into a “micro-shaker.”
Totesttheconceptinavarietyofenvironmentsarangeof
ﬁlament diameters were chosen as well as a range of particle
sizes. The ﬁrst ﬁlament tested represented a large-scale an
analog to the AVS sensor. A 127μm diameter boron ﬁber
was ﬁxed to a brass substrate and PZT extensional actuator
element. The basic dimensions (in inches) of the device
constructed are shown in Figure 4 and the ﬁnished device
is shown in Figure 5. Teﬂon tape was used to allow for low
friction longitudinal motion.
To observe the ﬁber, the assembled device was placed
underamicroscope.ExcitationofthePZTstripwasachieved
using a signal generator and a linear voltage ampliﬁer. Figure
shows a ﬁber which was coated with 5–30μm diameter
dust particles under the microscope before and after the
PZT strip was excited. A 20kHz sine wave with a peak to
peak voltage of 20V was used to excite the PZT, generating
local ﬁlament accelerations in excess of 350g’s. Although no
deﬂections were visible during the cleaning event, the eﬀect
was pronounced.
Although not clearly visible in Figure 6, the dust used
for the ﬁrst test was microscopically ﬁbrous in nature.
Still, it possessed conductivity, capacitance levels and charge
accretion properties which were within 20% of the Rub al
Khali desert sand sample. Figure 7 shows the Boron ﬁber
which had been dusted with nonﬁbrous silicate particles
before and after cleaning. As with the ﬁbrous foulants,
the conductivity, capacitance levels and charge accretion
properties which were within 20% of the Rub al Khali desert
sand sample.
3. Anemometer WireFoulingandCleaning
It has been shown that debris can be successfully removed
from a small diameter Boron ﬁlament using PZT to vibrate
the wire. The following sections extend this result to a
hot wire anemometer, which is more representative of AVS
elements. Two diﬀerent anemometers were constructed, one
using a copper sensing wire and another using a nickel
titanium alloy wire.
3.1. Nickel Titanium Alloy Filament Anemometer. Nickel
titanium alloy (NiTinol) was used for the second type
of anemometer constructed. This selection was chosen
due to its ideally small diameter of only 38μm. For this
anemometer, copper-conducting posts were soldered to a
circuit board and the NiTiNOL was ﬁxed to the ends of the
posts.Figure 8showsthebasicconﬁgurationoftheNiTiNOL
anemometer. The guide posts were later discarded when it
was determined that they would not aﬀect the results.
To vibrate the NiTiNOL anemometer, a small stand was
built that supported a PZT bending element. The bending
element consisted of PZT strips bonded to either side of an
aluminum substrate. This conﬁguration resulted in vertical
deﬂections of the anemometer when the actuator is parallel
to the ground. Figures 9 and 10 show the NiTiNOL ﬁlament
mounted on the PZT bending element.4 Smart Materials Research
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Figure 8: Nickel titanium alloy anemometer.
3.5 (8.9 cm)
Figure 9: NiTiNOL anemometer mounted on PZT bending
actuator.
0.16  (4 mm)
Figure 10: NiTiNOL anemometer.
3.2. Experimental Setup. A small blowdown type wind tun-
nel of 2   inner diameter was built to test the properties of
the AVS cleaning system as shown in Figure 11.T h i ss e t u p
provided a consistent airﬂow at a velocity of up to 4m/s.
Data was collected using a laptop computer with LABView
data acquisition software. This was only used to record the
time history of the resistance or current running through the
anemometer.
A1Fcapacitorarrangedinparallelwiththepowersupply
provided clean power. For the NiTiNOL tests, a constant
voltage was applied across the circuit. Testing was conducted
from 50 to 250mA (with ﬁlament failure being experienced
at 270mA. Current was measured by tracking voltage drop
across a 1Ω power resistor as shown in Figure 12.
SMA
ﬁlament Variable speed fan
Flow
 2(5.1 cm) φ air duct
Figure 11: Wind tunnel setup.
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Figure 12: NiTiNOL anemometer circuit.
3.3. Baseline NiTiNOL Anemometer Testing and Results. As
a baseline for the performance of the anemometer, the fan
was cycled on and oﬀ several times without any cleaning
excitation. The actuator was then excited at 200Hz and the
fan was cycled on and oﬀ again. Figure 13 shows the current
ﬂow through the ﬁlament during the fan cycles for the static
and vibrating case. The peak voltage for the vibrating case
drops a small amount during the cycles, but the amplitude
of voltage change is approximately the same over each cycle.
This indicates that the vibrations have little eﬀect on the
performance of the anemometer.
Figure 13 shows the overall peak-to-peak performance
of the actuator by two phase shifted signals. The reader is
askedtonotethatthemeasurementsthataremostimportant
from Figure 13 are the peak-to-peak values and intermediate
signal ripple, not the degree of phase shift.
After testing the performance of the clean anemometer,
calibrated 5–30μm diameter nonﬁbrous dust was then
applied to the wire and the performance was checked
again. Figures 14, 15,a n d16 show the resulting change inSmart Materials Research 5
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Figure 13: Baseline clean NiTiNOL anemometer before dusting.
0 Hz 3.5 ft/s (1.07 m/s)
200 Hz
3.5 ft/s (1.07 m/s)
Figure 14: NiTiNOL anemometer ﬁlament dusted with 5–30μm particles and under 200Hz excitation (for photographic reference).
3 mil (76 micron) φ SMA ﬁlament
Figure 15: Anemometer after cleaning with infra-through ultra-
sonic vibrations.
performancefortheanemometer.Eachtestwasconductedin
the following manner and order. Dusted, vibrating, and after
cleaning refer to the curves in Figures 14, 15,a n d16.
(1) Dusted: the calibrated 5–30μm diameter dust was
applied and the fan was cycled on and oﬀ with out
any vibration.
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Figure 16: Baseline, dirty, and cleaned current ﬂow through
anemometer ﬁlament.
(2) Vibrating:theactuatorwasexcited(200Hzat7Volts)
and the fan was cycled on and oﬀ.
(3) After cleaning:theactuatorwasturnedoﬀandthefan
was cycled on and oﬀ.6 Smart Materials Research
Figures14,15,and16showthequiescent38μmdiameter
NiTiNOL ﬁlament suspended between two support posts,
covered with calibrated 5–30μm diameter charged particles.
Live testing of the cleaning system was conducted in a
4m/sairﬂow.Infrasonicthroughultrasonicvibrationsof10–
20kHz clearly rejected electrostatically attached particles as
shown in Figures 14, 15 and 16.
Clearly from Figure 16, it has been shown that fouled
anemometer ﬁlaments generate highly erratic unreliable
readings with current ﬂow shifts on the order of 35mA.
Given an anemometry sensitivity level on the order of
400m/s/A, this represents a signal corruption level of
14m/s. Infrasonic through ultrasonic cleaning rejected such
particulate fouling and resulting signal corruption, leading
to restoration of performance levels to within 2% of baseline
performance.
4. Conclusions
It has been shown that some of the most advanced
microanemometer and acoustic vector sensor (AVS) ele-
ments are vulnerable to signal corruption when exposed
to typical windblown particles. A statistical analysis of
windblown desert sand from the Arabian Peninsula showed
that statistically signiﬁcant percentages of particles ranged
from just 1/100th of the diameter of a typical AVS sensor
ﬁlament to large enough to become lodged between the
ﬁlaments and even between the ﬁlaments and mounting
substrate. Wind tunnel tests on 38μm diameter ﬁlaments
showed anemometry sensitivities on the order of 400m/s/A
were achieved. These sensitivities were dramatically cor-
rupted when the ﬁlament was exposed to 5–30μm diameter
particles which were shown to electrostatically cling to the
ﬁlament, junctions, and post. In addition to erratic signals
due to dusting an erroneous shift resulting in a 14m/s
measurement error appeared due to particulate fouling. An
infra-through ultrasonic cleaning system was designed to
reject these particles. When energized and swept through
a broad frequency range, foulants were expelled from the
sensor ﬁlaments, restoring sensor performance to within 2%
of baseline levels.
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